Scale insects (Sternorrhyncha: Coccoidea) are phytophagous insects found in all terrestrial zoogeographical regions except Antarctica, with $7,500 species in $30 families (Ben-Dov et al. 2014 ). These are generally divided into two informal groups, the archaeococcoids and the neococcoids, based on the presence or absence of abdominal spiracles in the adult female. The neococcoids form a monophyletic group with 17 families and the Coccidae and the Tachardiidae form sister groups (Cook et al. 2002) . The family Tachardiidae (¼Kerriidae), which includes lac insects, consists of nine genera and 100 species (Ben-Dov et al. 2014) . Lac insects (Hemiptera: Coccoidea: Tachardiidae) are morphologically distinctive scale insects that produce a gum-like or resinous secretion that forms a hard cover over the body (Chamberlin 1923 , Varshney 1976 ). The word "lac" is derived from a Sanskrit word which mean "hundred thousand," indicating the gregarious habit of this insect (Krishnaswami 1962) . These insects belong to the genus Kerria and the most commonly cultivated species is Kerria lacca (Kerr). The species of Kerria are distributed throughout India but occur as isolated patches in a variety of habitats (Varshney 1976 , Ramani et al. 2007 .
Lac insects yield three commercially important products: resin, dye, and wax, which have major applications in a wide range of industries (Varshney 1976 , Ramani et al. 2007 ). These lac products are preferred over other products due to their unique properties along with their environmental safety .
The commercially exploited species of lac insect belong to many distinctive genetic lines and these are maintained and cultivated by the Indian Institute of Natural Resins and Gums (IINRG). These genetic lines are commercially exploited for lac production in different parts of India. Taxonomy of the lac insect is based on the monograph and its supplement by Chamberlin (1923 Chamberlin ( , 1925 as well as subsequent works by Kapur (1958) , Varshney (1976) , and Kondo and Gullan (2007) . All these commercially cultivated lines have been placed in the genus Kerria but without validation of their taxonomic characters and thus each line is commercially cultivated without a proper identification. The diversity and cultivation complexities of these lines require a critical analysis through a study of their morphology and morphometrics.
As there is much variability in their morphology, with significant overlapping of characters, these need to be analyzed and the most important characters clarified. Females are highly degenerative and undergo considerable changes in size and shape during sexual maturation, posing a challenge in their identification and so this intraspecific variation needs to be critically analyzed.
Hence, this study used single-factor analysis of variance (ANOVA) and multivariate analyses such as principal component analysis (PCA), discriminant function analysis (DFA), and canonical discriminant analysis (CDA) to explore the morphometrics of the commercial lac insect lines in India.
Materials and Methods
Collection and Preparation of Specimens. Thirty-two female lac insect lines were studied (Table 1) . These included species of Kerria from the principal lac growing states, geographical races, some inbred lines, and the infra-subspecific forms kusumi and rangeeni. Kusumi and rangeeni are two distinct forms of lac insects, the latter thriving on Butea monosperma (Fabaceae) but not on Schleichera oleosa (Sapindaceae), which is a preferred host of kusumi. The samples were obtained from the cultures maintained on potted Flemingia macrophylla (Fabaceae), a lac host plant kept under culture conditions at the Lac Insect Field Gene Bank of National Lac Insect Germplasm Center, IINRG campus, Ranchi (23 19 0 51 00 N and 85 22 0 18 00 E; elevation of 2,080 ft). These cultures are enclosed in synthetic mesh sleeves to exclude parasitoids and predators and are regularly sprayed with fungicide carbendazim (0.01%). In order to prepare the specimens for morphological studies, mature females were scraped from the twigs and placed in 100% ethyl alcohol for 48 hr to dissolve their resinous covering. The specimens were then cleaned carefully under a stereozoom microscope with a brush to remove any excess wax. These cleaned insects were preserved in 90% ethyl alcohol in a 1.5 ml eppendorf tube for further studies.
These alcohol-preserved specimens were slide mounted following the technique of Jena et al. (2011) . Briefly, the specimens were placed in 10% potassium hydroxide overnight to soften the internal tissue. They were then washed thoroughly in distilled water with 8-10 changes and then placed in 1% glacial acetic acid where a small incision was made on the lateral aspect of the body using a scalpel in order to remove the internal contents. The specimens were then cleaned thoroughly with fine needles and a brush and placed in polychromatic stain for about 20 min. They were then dehydrated through grades of ethyl alcohol of 70%, 90%, and 100% followed by clearing in 30%, 50%, and 80% xylene before preparing a permanent mount in Distrene, Plasticiser, Xylene (DPX). Finally, the slide mounts were dried on a hot plate at 45-60 C. These permanent microslides were made using Leica EZ4 stereozoom microscope. Selection and Measurement of Characters. Using the morphological characters of adult female K. lacca taken from Chamberlin (1923 Chamberlin ( , 1925 , Kapur (1958 Kapur ( , 1962 , Varshney (1976 Varshney ( , 1985 , Zhang (1993) , Mishra and Sushil (2000) , Lit and Gullan (2001) , Lit (2002a,b) , Kondo and Gullan (2007) , a total of 65 characters were identified for morphometric analyses. A standardization experiment using 30 specimens of each line, in all at a time just before these reach maturity, was undertaken to identify the characters which were most stable and consistent. These resulted in the selection of 50 characters, which had been supported by the single-factor ANOVA. These selected characters were measured and their morphology observed at magnifications between 100Â and 1,000Â using a Leica DM1000 phase contrast microscope with a micrometer eyepiece. The measurements are as in the slidemounted specimens. The measurements of width used in the study are as follows: 1) width at apex-width taken at clypeolabral shield position, i.e., middle of tentorium; 2) width at middle-width taken where it is maximum, generally taken at the middle of the body; and 3) width at base-width taken at the position of base of anal tubercle. Statistical Analysis. Univariate one-way single-factor ANOVA was performed individually for all the characters to select those that were significant as a prelude to identifying the potential characters (Kalaisekar et al. 2012) . These morphometrics were then analyzed using multivariate statistical approaches (Tabachnick and Fidell 2006) as follows: PCA (SAS procedure, PRINCOMP, SAS version 9.1.3, SAS Institute Inc., Cary, NC), without any prior assumption of groupings, assesses the components for total variation among the specimens by calculating linear combinations of variables that explain the maximum of total variation. PCA was also used as a dimension-reducing technique. CDA (SAS procedure, CANDISC) calculates linear combinations of variables that maximize the separation of means of previously defined classes. Contribution of the variables best summarizing the differences between classes is revealed by this technique. Since DFA (SAS procedure, DISCRIM) maximizes the variation among groups, it was used to separate groups. DFA also determines the potential misclassification of specimens and assesses the utility of characters used. These analyses were carried out in two batches: one with each of the 30 lines and in the other with seven species of Kerria, namely Kerria chinensis, Kerria manipurensis, Kerria maduraiensis, Kerria thrissurensis, Kerria pennyae, Kerria dubeyi, and Kerria varshneyi (Ahmad et al. 2013a,b) , to validate the species described. The sample size for each of the 30 lines was 30 and that for each of the seven species was 10.
Results and Discussion
Morphometrics and Species Distinctions. The 32 lac insect lines fell into two broad categories based on the structure of the anal tubercle, i.e., whether the tubercle is elongated or abbreviated. Both groups were then subdivided based on the shape and status of brachia into five groups: those with an elongated tubercle into three subgroups: 1) brachia elevated and cylindrical, 2) brachia elevated and club shaped, and 3) brachia sessile and club shaped; and those with an abbreviated tubercle into two subgroups: 1) brachia elevated and club shaped and 2) brachia sessile and club shaped, as shown in Fig. 1 . Based on the key to the adult females of Kerria, the species groups were differentiated. Morphometrics and Taxonomic Characters. The evaluation of some taxonomic characters using one-way ANOVA revealed that 50 were statistically significant (P 0.01) ( Table 2 ). These characters were subjected to PCA analyses. The first five principal components (PCs) with an eigenvalue more than 1.0 accounted for 45.5% of the total variation (Table 3 ). The first two PCs, i.e., PC1 and PC2, together explained about 25.6% of the total variation, with PC1 explaining 15.3% and PC2 explaining about 10.3%, respectively. These had positive loading for seven original variables, including the number of ducts in each marginal duct cluster (MDC), length of anal tubercle, length of pre-anal plate, distance of anterior spiracle from crater rim, length of brachia, length of pedicel, and total length of dorsal spine. The other PCs, i.e., PC3, PC4, and PC5, explained 8.5%, 6.7%, and 4.8% of the total variation, respectively. As the first two PCs accounted for 25.6% of the variability, those characters with maximum loadings were considered to be the major sources of variation. The plot for the first two PCs, i.e., PC1 and PC2, are shown in Fig. 2 , and the clusters emphasize the grouping of the lac insect lines. A compact clustering was observed for the lines LIK0023 (K. chinensis), LIK0010 (K. thrissurensis), LIK0001, LIK0039, LIK0040, and LIK0065 (K. pusana group), LIK0008 (K. dubeyi), and LIK0003 (K. pennyae) in the first, second, and third quadrants, respectively, with the rest of the lines mostly overlapping.
CDA was carried out with priori grouping and using the lines as classification variables. The statistics used to test differences between the lines, namely Wilks' k, Pillai's trace, Hotelling-Lawley Trace, and Roy's greatest root, were found to be significant at P < 0.0001. These statistics clearly show the significant contribution toward the model, with a lower Wilks' k (2.8 Â 10 À7 ), holding true for all other statistics (Table 4 ). The first two canonical correlations (89.8% and 88.9%) were very high, signifying their importance (Table 5 ). The projection of the lines onto the first two canonical discriminant axes is shown in Fig. 3 . The analysis was able to extract differences between the lines LIK0001, LIK0039, LIK0040, and LIK0065 (K. pusana group), LIK0003 (K. pennyae), LIK0008 (K. dubeyi), and LIK0023 (K. chinensis), but there was extreme overlapping among the rest of these lines. The first canonical root clearly discriminated LIK0023 (K. chinensis) from the rest, with the main contribution being from canellar band length, while the second canonical root was not particularly helpful in discriminating between any lines (Table 3 ). This clustering obtained from CDA confirmed the grouping brought out by PCA. A cross-validation of group membership was performed identifying the misclassification of specimens and assessing the utility of the selected measurements/observations used. Overall, 78% of the classifications were correctly attributed to species, with relatively few (22%) (Table 6 ). The results of cross-validation accurately identified 100% of specimens to the lines LIK0003 (K. pennyae), LIK0008 (K. dubeyi), LIK0017 (K. lacca group), and LIK0023 (K. chinensis); >90% to the lines LIK0005 (Kerria ebrachiata group), LIK0007 (Kerria sharda), LIK0040 (K. pusana group), LIK0045 (Kerria brancheata group), LIK0047 (K. lacca group), and LIK0065 (K. pusana group); and >80% to the lines LIK0001 (K. pusana group), LIK0012 (K. lacca group), and LIK0063 (K. varshneyi), respectively. Thus, the DFA results helped to identify these 13 species groups based on the merit of each of the morphological characters used in the analyses. CDA, and DFA). The PCA indicated that the first 10 PCs with eigenvalues more than 1 accounted for 79.9% of the total variation. Contribution of variables to the first three PCs accounted for 51.3% of the total variation (Table 7) . PC1 reflected a generalized increase in the values of five characters: distance of anterior spiracle from crater rim, number of ducts in each marginal duct cluster, width of anterior spiracle, length of anal tubercle and pre-anal plate length with a decrease in only one character, and number of dimples on brachial plate. The main contributions to PC2 were from five characters: brachial plate diameter, crater width, body width, width of anterior spiracle and width of supra-anal plate and to PC3 were from three characters: total length of dorsal spine, length of spine, and length of anal fringe. The other PCs, namely PC4-PC10, explained 6.7%, 5.6%, 4.6%, 3.8%, 3.1%, 2.6%, and 2.2% of the total variation respectively, and therefore made little contribution toward explaining the variation. The differences in distribution across the common component of variation for the seven species of Kerria are evident in Fig. 4 . The results of PCA show the distinctiveness of the species studied except for a slight overlap between K. dubeyi and K. pennyae and for K. varshneyi and K. maduraiensis. A dispersed clustering was observed for both K. maduraiensis and K. varshneyi. The CDA showed a highly significant Wilks' k value (1.0 Â 10 À8 ), Pillai's trace, Hotelling-Lawley Trace, and Roy's greatest root (P < 0.0001) ( Table 8 ). The first two canonical correlations with squared canonical values 99.4% and 98.3% in canonical correlation analysis (Table 9) were high, indicating their importance. Table 10 shows that the mean canonical variables with canonical roots having higher values for their respective variables (species) in canonical root 1 was able to separate the seven species studied, whereas canonical root 2 particularly separated K. chinensis and K. thrissurensis. The character brachial plate diameter contributed maximum (À10.413) to canonical root 1, toward the separation of species (Table 7) . The projection of species onto the first two canonical axes is shown in Fig. 5 . In the scatter plot, all the species were well separated with a compact clustering for each, except for a small overlapping between K. pennyae and K. varshneyi. This clustering obtained confirms the groups presented in the PCA without the overlaps.
A validation analysis through DFA of group participation/ composition was performed for the seven species under study and it was observed that 87% of the classification was correctly attributed (Table 11) . Also, the result of the validation analysis (DFA) correctly identified 100% of specimens to K. pennyae; 90% to K. dubeyi, K. manipurensis, K. thrissurensis, and K. chinensis; and 70-80% to K. varshneyi and K. maduraiensis, respectively. Taxonomic Characters and Their Validation. The results of these analyses revealed that there are 14 characters which are consistent, without significant intraspecific variations, and which helped to separate the lac insect lines into species and groups. Most of these characters were in agreement with the 11 major characters noted by earlier taxonomists (Table 12) . In this study, many characters have been added such as body widths (apex, middle, and base), number of star pores near the mouthparts, width of anterior spiracle, length of pre-anal plate (membranous extension below the supra-anal plate), length and width of supra-anal plate, pedicel length, spine length, width of pedicel at base, pedicel width at apex, total length of dorsal spine, perivulvar pore cluster openings, and length of antennal segments. These additional characters were not used by earlier taxonomists but were found to be significant in species delineation in our studies, while other characters (length of antennal segments, spine length, pedicel width at apex, number of star pores near the mouthparts, perivulvar pore cluster openings) did not separate species in our studies due to their high intraspecific variation and low character loading, as revealed in both univariate and multivariate analyses. Note. If should be noted that character states concerning membranous structures should be used with care because age may affect their size, e.g., apex, middle, and basal body width. In this study, cultured specimens were used, which tend to be very uniform in size; however, specimens found in the wild may not be as uniform. Insect body size in the field is going to depend on host plant vigor, so that, even if the lac insect population may be restricted to a single species of host plant, those plants could be either growing slowly due to poor conditions (in which case the lac insects will be small) or growing very vigorously, in which case the scales may grow larger. This could affect the repeatability of these measurements at the species level. Furthermore, in the field, for these measurements to be useful, adult females must be collected exactly at the right stage (just prior to the appearance of the crawlers).
The clustering of lines, as revealed through the PCA and CDA analyses, were identical for each species group, indicating the validity of the characters used. The PCA and CDA analyses produced a clear separation of lines and species, indicating that the differences were genetic rather than environmentally induced (Padi and Hollander 1996) . The genetic diversity of these lines shown through Random Amplified Polymorphic DNA profiling and Inter Simple Sequence Repeat Markers ) was found to be in agreement with the results of this study. The DFA with higher classification (78% and 87%) values supported the division of the lac insect lines into species groups, and has also helped in establishing their consistency.
This study also provides an insight into the validity of the taxonomic characters deployed in the genus Kerria for the species delineation. 
